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(54) Noise figure measurement of optical amplifiers by power substitution 



(57) Described is a noise figure measurement for 
optical amplifiers by disabling a signal of a channel (Oh 
3) before the measurement of the amplified spontane- 
ous emission (ASE) for that channel (Oh 3), and by dis- 
tributing a power equivalent (APou, 2. ^Pout,4) which is 
substantially equal to the power of the signal of the dis- 
abled channel (Oh 3), at at least one other wavelength 
(Ch 2, Oh 3). The noise figure measurement can be 
used as well in multi-channel applications such as 
WDM, as in a single channel operation. 
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Description 

BACKGROUND OF THE INVENTION 

The present invention generally relates to noise fig- 
ure measurement of optical amplifiers. 

Optical amplifiers are commonly used in optical 
communication systems. One of the parameters that is 
important in characterizing an optical amplifier is thie 
amplified spontaneous emission (ASE) in the presence 
of an optical signal. The measurement of ASE is impor- 
tant for determining a noise figure of the optical amplifier 
as well as for an ASE buildup in communication sys- 
tems, where ASE can limit performance. The ASE rep- 
resents a noise signal that is generated witl^in the 
optical amplifier and is amplified by the amplifier. The 
ASE typically has a much wider bandwidth than the opti- 
cal signal. 

When no signal is presi^, the amplifier generates 
and amplifies only the ASE. However, when an optical 
signal is present, the ASE level is reduced in corrpari- 
son with the ASE level in the absence of an optical sig- 
nal due to amplifier gain reduction. The gain reduction 
depends on the amplitude and wavelength of the optical 
signal. Thus, in order to accurately characterize ampli- 
fier performance, the ASE must be measured at an opti- 
cal signal level and wavelength that con-esponds to 
normal operation. 

A known technique to perform an ASE measure- 
ment at an actual signal wavelength is called time- 
domain extinction technique (compare e.g. USA- 
5,340,979). A tunable laser source is gated on and off 
with a fast (< 1 (is) transition time. As the source signal 
is switched on, the optical amplifier output momentarily 
p aks and then returns to its steady state power level. 
The gated-on-time needs to be long enough such that 
the optical amplifier stabilizes to its steady state. Once 
th optical amplifier is in its steady state, the switch rap- 
idly extinguishes the signal incident on the optical anpli- 
f ier . Immediately after the signal is gated off, the ASE 
level at the amplifier output will be identical to the true 
ASE level without the deleterious effects of the stimu- 
lated and spontaneous emission generated by the laser 
source. Then the ASE level rises to a level that corre- 
sponds to the unsaturated state of the optical amplifier 

The ASE transient is recorded either with an optical 
spectrum analyzer (OSA) or, e.g., in conjunction with an 
oscilloscope connected to the analog output of the 
OSA. For the portion of the ASE transient missed after 
the signal was gated off, extrapolation can be used to 
determine the desired ASE power density. However, the 
time-domain extinction technique requires two highly 
UstOcking optical switches for the incident and the outgo- 
ing laser beams of the amplifier having a short switching 
time and switching both beams synchronously with high 
accuracy 

In the time<jomain extinction technique, due to the 
relatively long carrier lifetime in the optical amplifier, the 



amplifier remains in essentially the same saturation 
condition during the short off-period. This way, the ASE 
can, in principle, be measured witiiout the disturbing 
influence of the amplified signals and the source spon- 
5 taneous emission (SSE) that accompanies them. How- 
ever, there are several limitations of the time-domain 
extinction technique: 

a) Even though the signals may be completely 
10 switched off, the photodetector does usually not 
fully recover from tiie high power state (signal) to 
the low power state (ASE). A noticeable error from 
this effect can be the result. 

IS b) In practical inplementations of the time-domain 
extinction technique, the sources are repetitively 
switched off and on with a duty cycle of 50%, 
thereby reducing the maximum achievable power 
by 50% (equivalerrt to 3 dB) . 

20 

c) Pulsing the sources may interact with the power 
stabilization control loop of the amplifier. 

Another possibility for ASE nieasurement of optical 

25 amplifiers is the ASE interpolation / subtraction tech- 
nique. To explain the principle of this measurement, the 
typical output specti-um of an optical annplif ier in a single 
channel condition is shown in Figure 1. The spectrum 
consists of the amplified narrow-band input signal Psig. 
nah ASE power Pase and the amplified source's 
spontaneous emission power G x Psse- where G is the 
gain of the amplifier and Psse is the power of the 
source's spontaneous emission (SSE). The latter two 
are spectrally wide. For such spectrally wide sources, 

35 the displayed power is equal to their spectral power den- 
sity multiplied with the given spectral Isandwidth of the 
optical spectrum analyzer. 

The basis of the noise figure is the precise meas- 
urement of the spectral power density of tine ASE at the 

40 signal wavelength. Practically, however, the ASE cannot 
be measured at the signal wavelength. Instead, the total 
spontaneous emission {Pase + G x Psse) 'S interpo- 
lated from two (as in Figure 1) or more samples to the 
right and the left of the signal. In Vne ASE interpolation / 

45 subtraction technique, G and Psse measured sep- 
arately Then the product of G and Psse 's sutJti-acted 
from the total spontaneous emission, to ot)tain only 
Pase- 

As a third possibility, EP 0 678 988 A1 discloses a 
50 method of measuring the ASE level in the presence of a 
signal at a signal wavelength conrprising the steps of 
detuning the signal to a second wavelength different 
from the signal wavelength, determining a difference 
function corresponding to the difference in ASE levels 
55 before and aftei" detuning' of the signal as a function of 
wavelength, measuring the ASE level at the signal 
wavelength and adding the value of the difference func- 
tion at the signal waveiengtfi to the ASE level measured 
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in the previous step. ■ 

In contrast to the single-channel excitation, Figure 2 
shows an output spectrum of an optical amplifier In a 
wavelength-division multiplexing (WDM) situation with 
four channels. In this example, the optical amplifier is s 
driven by four narrow-band laser sources of different 
wavelengths. To determine the noise figure of each 
channel, the ASE at the signal wavelengths must be 
determined. This is possible by using the time-domain 
extinction technique or the ASE interpolation / subtrac- io 
tion technique. In the example of Figure 2, each of the 
four ASE values is determined on the t^asis of interpo- 
lating the two samples to the left and the right of each 
channel. The gains G and the spontaneous emissions 
SSE of all sources are determined separately, to be is 
able to subtract G x SSE. 

If. for e«imple, the ASE of channel 3 is to be deter- 
mined, then the following procedure is typically used. All 
measurements are based on optical spectrum analysis. 

20 

a) Measure the SSE power of each laser at the 
wavelength of channel 3. 

Multiply the SSE powers with the transmissions 
through the respective attenuators (weighting). 
Add the weighted SSE powers, to obtain the total 25 
SSE input power of channel 3. 

b) Measure the gain of channel 3 (= signal output 
power / signal input power). 

30 

c) Determine the total spontaneous emission. ASE 
+ Gx SSE of channel 3 by interpolation. 

d) Subtract G x SSE from the total spontaneous 
emission. ASE + Gx SSE . to obtain the ASE. 3S 

The situation becomes more complicated when the 
spacing between the individual channels becomes very 
nan-ow (dense WDM). In this case, it is often not possi- 
ble to place samples between the channels, because of 4o 
the limited resolution tKindwidths of typical optical spec- 
trum analyzer. 

SUMMARY OF THE INVENTION 

45 

It is an object of the invention to provide an 
improved noise figure measurement of optical amplifi- 
ers. 

The object is solved by the features of the inde- 
pendent claims. 50 

According to an underlying principle of the inven- 
tion, a noise figure measurement is based on measur- 
ing the amplified spontaneous emission (ASE) at the 
wavelength of a signal after disabling that signal, and 
substituting that signal by adding power, at at least one ss- 
other wavelength, in order to maintain the original satu- 
ration state of the optical amplifier. 

In a preferred embodiment of the invention, power 



is added to other channels in use, preferably to neigbor- 
ing channels, and more specifically to two neigboring 
channels according to the given equations (4) and (5). 

The advantage of disabling and substituting a sig- 
nal according to the invention is that ASE measure- 
ments can be made without the disturbing influence of 
that signal. 

A further advantage is that. e.g. in dense wave- 
length-division multiplexing (WDM) situations, disabling 
the signal opens spectral space in which ASE measure- 
ments can be made, where otherwise this space would 
not be available e.g. due to a limited resolution band- 
width of an optical spectrum analyzer. 

In contrast to the time-domain extinction method as 
known in the art, none of the signal sources, e.g. lasers, 
needs to iae pulsed. This also removes any timing 
requirements during the measurement 

The measurement setup according to the invention 
is less expensive due to less equipment needed (e.g. no 
pulse generator, no fast sampling). The problem of non- 
ideal photodetector recovery from high power levels is 
avoided, thereby improving the accuracy of the ASE 
measurement. No interpolation of several ASE samples 
is necessary. The laser sources can be operated in a 
continuous-wave mode. This increases the available 
input power level to the optical amplifier. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and many of the attendant advan- 
tages of the present invention will be readily appreci- 
ated and become better understood by reference to the 
following detailed description when considering in con- 
nection with the accompanied drawings, in which: 

Fig. 1 shows the typical output spectrum of an opti- 
cal amplifier in a single channel condition; 

Fig. 2 shows an output spectrum of an optical 
amplifier in a wavelength-division multiplex- 
ing (WDM) situation with four channels: 

Fig. 3 shows an example of the principle of the sig- 
nal substitution technique according to the 
invention: 

Fig. 4 shows a possible measurement setup for 4- 
channel gain and noise figure measurement 
of optical arnplif iers. 

DETAILED DESCRIPTION OF THE INVENTION 

The invention is based, on disabling or switching off 
the signal of the channel under test and substituting it by 
adding laser power at other wavelengths, while the ASE 
measurement is in progress. 

Figure 3 shows an example of the principle of the 
signal substitution technique according to the Invention 
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by depicting the ASE measurement of channel 3 of the 
four channel WDM optical amplifier of Figure 2. How- 
ever, it is to be urtderstood that the signal substitution 
technique according to the invention is not limited to 
multi-channel applications, but can also be used in a 5 
single channel operation. 

In Figure 3, the signal power of channel 3 is 
switched off. This way, the channel spacing (between 
channels 2 and 4) is increased, which makes it possible 
to place samples inside the gap (which may not have 10 
been possible before due to narrow channel spacing 
and the limited resolution bandwidth of an optical spec- 
trum analyzer). In Figure 3, only one sample is shown 
which indicates that no interpolation is necessary. 

Svyitching off one channel, however, generally 75 
changes the saturation state of the amplifier. To re- 
establish the previous saturation conditions, the power 
of channel 3 is substantially re-distributed, in this exam- 
ple by adding an input powers AP/„ ^ and APj„ 4 - as a 
power equivalent substantially equal to the power of 20 
channel 3 before switching off - to channels 2 and 4. 
After multiplication with the amplifier gain, these powers 
appear at the output of the amplifier as APout,2 and 

One possifc»lity for determining the power equiva- 2s 
lent and thus the new power settings is simply dividing 
the input power of channel 3 by 2, then adding the 
resulting power to both channel 2 and channel 4. How- 
ever, a more sophisticated power substitution is recom- 
mended, to make sure that the amplifier is exactly in the 30 
same saturation condition. For an optical amplifier, a 
stable saturation condition under changing wavelength 
and power conditions is maintained when the following 
condition is met: 

35 

^^inj^ i = const. (1) 

where / is the current channel number, , are the 
channel input powers and G, are the channel gains. 40 

If the power of one channel is to be distributed to 
the two neighboring channels as in Figure 3, then equa- 
tion (1) becomes: 

^Pin. i- iGi-i* ^Pin. ,> r G,-^ , = , G, (2) « 

where AP/n/.j and APinj+i are the additional channel 
input powers (/ = 3 in the example of Figure 3). 

Furthermore, it is advisable to distribute the satura- so 
tion effect equally to the left and right of the channel to 
be substituted. This leads to the condition; 

'^PinJ.l'Gi^l-'^PinJ.lGi^l (3) 

55 

Combining equations (2) and (3) yields the addi- 
tional power levels for the neighboring channels, which 



ensures constant saturation conditions: 

AD ^/n, / ... 

^P/n,,.r=-jG-7 

^P/n,/*r = fe^ (5) 



Using equatiore (4) and (5), the additional input 
power levels can be calculated after measuring the 
gains of all channels before the noise figure measure- 
ment, and by using the known input power of the chan- 
nel under test. 

The power budget can be analyzed as follows: if, for 
simplicity, we assume that the additional power is 
equally disb'ibuted to the left and right of the channel 
under test, then the power of the neighboring channels 
must be increased to 150% of the original power during 
the noise figure test. Vice-versa, the achievable satura- 
tion state corresponds to 2/3 of the maximum laser 
power, equivalent to a loss of 1.76 dB. In comparison, 
the loss of the time-domain extinction method is 3 dB. 

A further improvement of the power budget is pos- 
sible by distributing the signal power of the channel 
under test to more than two neighboring channels, e.g. 
to 4 or 6 neighboring channels. In this case, the neces- 
sary additional power levels become even smaller. 

For an improved performance in maintaining con- 
stant saturation conditions, another important require- 
ment is that the wavelength of the substituting laser(s) is 
nearby the original wavelength, e.g. within 3-5 nm. Oth- 
erwise, the effect of specbBi holeburning will create a 
different saturation condition. In the present case of 
dense WDM systems, the condition of nearly equal 
wavelengths is automatically fulfilled. 

In situations where switching off one channel does 
not provide a suffidentiy large space for placing sam- 
ples between the channels, it is also possible to switch 
off three or more channels and add ttie power to the 
nearest remaining channels. 

The ASE of the most left and most right channels 
can be measured with a slightly modified technique. For 
example, the ASE of the most right channel can be 
measured by displacing the wavelength of that channel 
by one channel spacing, and then adding the necessary 
power to the right and the left of the channel under test. 

A possible measurement setup for 4-channel gain 
and noise figure measurement of optical anplifiers is 
shown in Figure 4. Four tunable lasers 10, 20, 30, 40 
are used to generate \he channel irput powers. Each 
one of the lasers 10, 20, 30, 40 is equipped with an opti- 
cal attenuator to control the power. Also, each one of the 
lasers 10, 20, 30, 40 has a separate disable function 
(shutter)IOA, 20A, 30A, 40A. The powers from the four 
lasers 10, 20, 30, 40 are combined with a power com- 
biner ,' coupler 50: A monitor coupler 60 and an optical 
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power meter 100 are used to control the attenuator set- 
tings of all lasers, by separate power measurement of 
each laser while the remaining lasers are disabled. After 
an optical amplifier 70, a fixed optical attenuator 80 Is 
used to reduce the high output power of the amplifier to 5 
an acceptable level. An optical spectrum analyzer 90 is 
used to measure both the signal gain(s) and the ASE. A 
controller 110 controls the measurement sequence. 

In comparison with the time-domain extinction tech- 
nique, the substitution technique has the following 10 
advantages: 

a) None of the laser sources is pulsed. This also 
removes any timing requirements during the meas- 
urement. IS 

b) The measurement setup is less expensive due to 
less equipment needed (e.g. no pulse generator, no 
fast sampling). 

20 

c) The problem of non-ideal recovery photodetector 
recovery from high power levels Is avoided, thereby 
improving the accuracy. 

d) No interpolation is necessary. 25 

e) The laser sources are operated in continuous- 
wave mode. According to the analysis above, the 
average power to the amplifier is 1 .76 dB less than 
the maximum laser power, compared to 3 dB less 30 
for the time-domain extinction method. A further 
improvement is possible by re-distributing the sig- 
nal power of the channel under test to more than 
two neighboring channels. 

35 

it is to be understood, that the signal distribution 
according to the invention need not necessarily be per- 
formed in distributing power from the one or more disa- 
bled channels to other channels which are already in 
use for signal amplification. The power can also be dis- 40 
tributed to one or more other wavelengths which might 
not be presently used e.g. for signal amplification or 
other purposes. Further more or in addition thereto, the 
power can also be distributed to one or more other 
sources, such as fixed or tunable laser sources, which 45 
might be provided in particular for the purpose of power 
distribution. 

As already pointed out, the signal substitution tech- 
nique according to the invention is also not limited to 
multi-channel applications such as WDM, but can also so 
be used in a single channel operation. However, in case 
of a single channel operation, the power of the disabled 
channel cannot be distributed to already available other 
channels, but needs to be distributad-tp one or more 
other sources, such as fixed- or tunable laser sources, 55 
which might be provided in particular for the purpose of 
power distribution. 

According to an embodiment a noise figure meas- 



urement for optical annplifiers e.g. in multichannel 
(WDM) operation is based on disabling the channel 
under test, to provide sufficient spectral space for the 
measurement of the total spontaneous emission. 

According to another ernbodiment, a noise figure 
measurement for optical amplifiers e.g. in multichannel 
(WDM) operation is based on disabling additional chan- 
nels, if disabling one channel does not provide sufficient 
spectral space for the measurement of the spontaneous 
emission. 

According to another ernbodiment, a noise figure 
measurement for optical amplifiers e.g. in multichannel 
(WDM) operation is based on substituting the input 
power of the channel under test, by adding additional 
power to thl3 right and the left of the disabled channel(s) . 

According to another embodiment, a noise figure 
measurement for optical amplifiers e.g. in multichannel 
(WDM) operation is based on substituting the input 
power of the channel under test, by adding spectrally 
wide power to the right and the left of the disabled chan- 
nels), which does not have to be laser power. 

According to another embodiment, a noise figure 
measurement for optical amplifiers e.g. in multichannel 
(WDM) operation is based on substituting the input 
power of the channel under test, by adding additional 
power to two or more channels to right and the left of the 
disabled channel(s). 

According to another embodiment, a noise figure 
measurement for optical amplifiers e.g. in multichannel 
(WDM) operation is based on substituting the input 
power of the channel under test, by adding additional 
power to the two channels to right and the left of the dis- 
abled channel(s), where the additional power of the 
neighboring channels is given by equations (4) and (5). 

According to another embodiment, a noise figure 
measurement for optical amplifiers e.g. in multichannel 
(WDM) operation is based on substituting the input 
power of the channel under test, by adding additional 
power to more than two channels to right and the left of 
the disabled channel(s), where the additional powers of 
the neighboring channels are given by appropriate 
extensions of equations (4) and (5). 

Claims 

1 . A system for noise figure measurement for optical 
amplifiers comprising means (10A, 108, IOC, 10D) 
for disabling a signal and means (10, 20, 30, 40, 
110) for substantially substituting the signal by add- 
ing power at at least one other wavelength. 

2. The system of claim 1 , wherein the means (10, 20, 
30, 40, 110) for substantially substituting the signal 
comprises means for sutjstituting the input power of 
the disabled signal by adding additional power at at 
least one wavelength close to the wavelength of the 
disabled signal. 
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3. The system of daim 2. wherein the means (10, 20, of the disatded signal, at at least one other 

30, 40, 110) for substituting the input power of the wavelength, 
disabled signal are adopted to add additional power 
to neightToring channels of a channel of the disa- 
bled signal in a multi-channel application. 5 



4. The system of daim 3, wherein the means (10, 20, 
30, 40. 110) for substituting the input power of the 
disabled signal are adopted to add additional power 
to the neighboring channels of the channel of the 10 
disabled signal according to equations (4) and (5). 



5. A system for noise figure measurement for optical 
amplifiers comprising: 

15 

means (IDA, 10B, IOC, 10D) for disabling a 
signal, and 



means (10, 20, 30. 40, 110) for distributing a 
power equivalent, which is substantially equal 20 
to the power of the disabled signal, at at least 
one other wavelength. 

6. A method for noise figure measurement for optical 
amplifiers comprising the steps of: ss 



disabling (IDA, 10B, IOC, 10D) a signal, and 



substantially substituting (10, 20, 30, 40, 110) 
the signal by adding power at at least one other 30 
wavelength. 

7. The method of claim 6, wherein the step of substan- 
tially substituting the signal comprises a step of 
substituting the input power of the disabled signal 35 
by adding additional power at at least one wave- 
length dose to the wavelength of the disabled chan- 
nel. 



8. The method of claim 7, wherein the step of substi- 40 
tuting the input power of the disabled signal com- 
prises a step of adding additional power to 
neighboring channels of a channel of the disabled 
signal. 

45 

9. The method of claim 8, wherein the step of substi- 
tuting the input power of the disabled signal com- 
prises a step of adding additional power to 
neighboring channels of the channel of the disabled 
signal according to equations (4) and (5). 5o 

1 0. A method for noise figure measurement for optical 
amplifiers comprising the steps of: 

disat:>ling (10A, 10B, IOC, 10D) a signal, and 55 

distributing (10, 20, 30, 40. 1 1 0) a power equiv- 
alent, which is substantially equal to the power - 
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(54) Noise figure measurement of optical amplifiers by power substitution 



(57) Described is a noise figure measurement for 
optical amplifiers by disabling a signal of a channel (Ch 
3) before the measurement of the amplified spontane- 
ous emission (ASE) for that channel (Ch 3), and by dis- 
tributing a power equivalent (Apo^, 2. ^Pquia) which is 
substantially equal to the power of the signal of the dis- 



abled channel (Ch 3). at at least one other wavelength 
(Ch 2. Ch 3). The noise figure measurement can be 
used as well in multi-channel applications such as 
WDM, as in a single channel operation. 
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